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Inelastic proton scattering via isobaric analog resonances allows derivation of rather complete information
about neutron particle-hole states. We applied this method to the doubly-magic nucleus 2*Pb by measuring
angular distributions of the reaction 2 Pb(p, p’) on top of the isobaric analog resonances in 2*’Bi with the Q3D
magnetic spectrograph at Miinchen. We identify the six states of the i}, f5,» multiplet and the four states of the
i11/2p3/> multiplet in the energy range 4.6 MeV < E, < 5.3 MeV. Firm spin assignments for the 10 states are
given, most of them new. Additional measurements of the reaction 2*’Pb(d, p) confirm the assignments. A new
state at £, = 5239 keV has a dominant proton particle-hole structure with spin 4~.
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I. INTRODUCTION

The heaviest known doubly magic nucleus 2*®Pb is ideal for
studying the shell model. One-particle-one-hole excitations
dominate the level structure up to an excitation energy of
E, =~ 5.3 MeV, the position of a collective double octupole
state [1-3]. The structure of the observed states agrees with
theoretical expectations up to E, = 4.5 MeV [3,4]. At higher
energies not all states expected from the shell model have been
detected [5,6] and many spin assignments are still ambiguous.

Some insight has been obtained by inelastic proton scat-
tering via isobaric analog resonances (IAR — pp’), which
is a selective reaction, sensitive to the neutron particle-hole
components of the structure only. From the observed cross
sections, its excitation functions and angular distributions,
we obtain quantum numbers and amplitudes of the neutron
particle-hole configurations. Early measurements of inelastic
proton scattering via IAR [7-15] provided examples about the
complex mixture of the particle-hole configurations.

The level density in 2®®Pb increases rapidly at higher
excitation energies. There are five doublets with a spacing
of less than 15 keV among the first 30 states below E, ~
4.8 MeV, and the average spacing of the known levels in
the region E, =~ 5.0-6.0 MeV is already about 10 keV.
Earlier work from the 1960s [12-15] improved the energy
resolution from 35 to 18 keV. Some data were obtained using
a magnetic spectrograph with a resolution of 9—13 keV and
photo emulsion plates [7,14], but further improvement of the
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energy resolution is clearly needed. An alternative way to get
high resolution is y spectroscopy following the 2 Pb(p, p’) re-
action as has been done with the Euroball cluster detector [16].

The present status of the Q3D facility at Miinchen [17-20]
allows measurement of 2®*Pb(p, p’) spectra with a resolution
of about 3 keV on all known IAR in >*Bi and up to excitation
energies of at least 8 MeV. The IAR-pp’ data are complemented
by 2°’Pb(d, p) measurements.

In this article we concentrate on the energy range E, =
4.6-5.3 MeV in 2%Pb, a region of substantial level density.
We identify all members of the shell-model configurations

i1y2 fs2 and it12p3jo.

II. SHELL MODEL

To describe the structure of the excited states in 2%8Pb,
we restrict the shell-model wave function to one-particle-one-
hole configurations, neglecting higher-order configurations. In
the restricted shell model for 2%8Pb, a state |« ) is described
by a superposition of particle-hole configurations built from
neutrons v and protons 7 relative to the 0" ground state (g.s.)
of 208Pb,

la T) = ch‘z}mu V@ |1, v)

+ chimu m)® |1, 7). M)

L] [

Figure 1 shows the neutron single-particle (s.p.) configu-
rations |LJ, v) and the single-hole configurations |/j, v) as
known from Ref. [6]. We characterize a state |« I) by its spin /
(always given together with the parity) and a label o denoting
the excitation energy E, mostly from [4] rounded to keV.

©2006 The American Physical Society
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FIG. 1. Scenario of IAR-pp’ for the 2®Pb(p, p’) reaction (scale of proton energy E,, E, at left). The energies of the particle and hole
configurations LJ, v and [j, v are taken from Ref. [6]. A single IAR state with spin LJ =i}, as the second member of the isobaric analog
multiplet [*”Pb,?® Bi, - - -] with isospin T = 45/2 is exemplified by one configuration iy fs/2, but all 45 excess neutrons /j, v, including the
i11/2 particle, participate equally [see Eq. (3)]. Excitation functions of a typical particle-hole configuration are shown at upper left for each
IAR [12]. For the two weakest IAR i} /5, jis/2 they are barely visible; therefore they are scaled up by a factor of 10 (thick curves). The spin
splitting of the neutron particle-hole multiplets is shown in a schematic way at lower left. The relative strength is calculated using Eq. (7) with
s.p. widths from Table I. The penetrability of the Coulomb barrier for the populating particle LJ can be estimated by comparing the maxima of
the excitation functions for the go/», 7,2 (solid) and the ds,, d3;, (dotted) IAR. Similarly the penetrability of the outgoing particles /j can be

seen by comparing the mean cross section for the particle-hole configurations |i;2, v)® |lj, v) withspins I = J — j, ..

With the ansatz (1) the amplitudes cﬂjl(;’”) represent

a unitary transformation of the shell-model particle-hole
configurations to the real states |« I).

We introduce the short-hand writing |L J, v) for the neutron
particle in the sixth shell with angular momentum L and spin
J and similarly |/, v) for the neutron hole in the fifth shell,
|LJ, ) for the proton particle in the fifth shell, and |/j, ) for
the proton hole in the fourth shell. Here the label v is often
omitted and we simply write LJ and [j because in this article
we discuss mainly neutron particle-hole configurations. From
the context the ds;; neutron particle in the sixth shell can be
distinguished from the ds,, proton hole in the fourth shell.

In the schematic shell model (SSM) the residual interaction
. . . . . al,(v,m)
is assumed to vanish, i.e., the matrix is unitary, ||c; T || =
[[1]]. The splitting of the multiplets in the full shell model
depends on the relative separation of the undisturbed con-
figurations in the SSM and of the strength of the diagonal
and nondiagonal matrix elements of the residual interaction in
208Pb. Matrix elements of about 100 keV are expected [21].

The lowest 20 negative parity states in 2%®Pb (E, <
4.5 MeV) are heavily mixed because here the ho/si)2
proton and the go f52 neutron configurations have al-
most the same SSM energy. Also the three configurations
|h9/2d3/2, TL’), |g9/2p3/2, l)), |i1]/2p1/2, l)) are nearly degener—
ate. Matrix elements of the effective residual interaction
were determined from the configuration mixing among the
lowest 20 states in an early attempt [21]. However, some
spin assignments and identifications of the states below
E, =450 MeV were settled only by the later work of

., J + j (lower left).

Ref. [22]. In 1982, an updated fit was done by one of us
(A. H.); the results shown in Refs. [23,24] are in remarkable
agreement with shell-model calculations of Ref. [25].

In contrast, the two negative-parity multiplets with the
i112 neutron particle and the fs5, and the p3, neutron
hole, predicted at SSM energies E, = 4.780 and 5.108 MeV,
respectively, are expected to be less mixed. At least for
the high-spin members (I = 6, 7, 8) the distance to the next
configurations with more than 451 keV exceeds the average
matrix element of the residual interaction appreciably.

III. SELECTIVE REACTIONS FOR PARTICLE-HOLE
STATES

Spectroscopic information about particle-hole configura-
tions has been derived from the particle transfer reactions
207pb(d, p), *®Bi(d,3He), 2*Bi(t, «) [3,4,22], and from tran-
sitions because of the electromagnetic [4,16,25] or the weak
interaction [5,6]. In addition, IAR-pp’ allows identification
of the neutron components |LJ, v)® |/j, v) of particle-hole
states. In fact, IAR-pp’ on 2%Pb is equivalent to a neutron
pickup reaction with a target of 2®’Pb in an excited state.

A. Inelastic proton scattering via isobaric analog resonances

We regard the inelastic proton scattering via an isobaric
analog resonance (IAR-pp’) on a spin 0 target, |0"g.s.) —
IAR(LJ) — |a I) . Here we discuss the reaction 2*®Pb(p, p’)
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proceeding via one of the lowest, well isolated s.p. IAR
in 2%Bi.

The wave function of a s.p. IAR in ?’Bi with spin LJ may
be represented by

|WIAR W) — T_ILJ,v)® |"®Pb(0*g.s.), (2)

270 + 1

where Ty = (N — Z)/2 is the isospin of the g.s. of 2*8Pb.
The isospin lowering operator 7_ acts on all excess neutrons,
converting each of them into a proton. Hence we have

[WIAR(209R;)) — ILJ, 71)® |*®Pb(0g.s.))

1
V2T + 1
+ Y VCi+ 1/ QTy+ D (I, 7)

lj
®|Lj

Lo ® [LJ,1)® [PBPb(0Tg.s.)).
3)

Evidently the outgoing proton leaves 2%®Pb either in its g.s.
(elastic proton scattering) or creates a neutron particle-hole
configuration |LJ, v) ® |l/j, v) as indicated in Fig. 1 for the
specific example of the configuration iy f5,2.

The assumption that the resonant reaction (viaIAR in 209Bj)
dominates the direct (p, p’) reaction is well justified in many
cases, at least for scattering angles beyond ® =~ 30°. Hence,
we assume a purely resonant cross section.

B. Angular distributions of 2%®Pb(p, p’)

The TAR are described as Breit-Wigner like resonance
terms, their partial decay widths depend on the mixing
coefficients ¢f | ;; and on penetrability effects. The resonance
scattering is descrlbed e.g., in Bohr and Mottelson [26].

The differential cross section of the 2%Pb(p, p’) reaction on
top of an isolated IAR (E, = ET}) proceeding to a state with
neutron particle-hole configurations |LJ)® |lj) is described
by (see e.g., Ref. [27]),

d al
“( ©) =57, ,., > Pxlcos(®)]
K

IK ol
X E § :aLJ,lj,I’j’CLJ,lj

/Fl’l/z
l_} l/j/

X Cos (élsj ls’p’)CLJl/ BYaY: ’/FPI/Z 4

Here for some configuration |LJ) ® |p1/2) a unit cross section
S%1.p,, is defined by
2 P1/2

h Fzs 1-‘[’1/2
N
where o = m(p)m(208Pb)/[m(p) + m(*°8Pb)] is the reduced
mass. The phases & are derived from theory [28]. The IAR

parameters (E, ', I}, FSP) are derived from experi-
ment, see Table I and Append1x A.

; &)

SL./,pl/z =
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The factors a FJ( . arise from the recoupling of the angular
momenta L, [,!” and spins J, j, j/to I, K,

aff vy =D QI+ ) /@ + DWW IK)
x Z(LJLJ, AK)Z(1jl'j', 1K). (6)

Here K <min[2L,2J, max(2/, 2l"), max(2j,2j)] is even.
The recoupling coefficients W, Z are defined in Refs. [29,30]
and in Appendix B.

The component with K = 0 represents the angle averaged
(mean) cross section o}’ J’ For a state |« 7) it is just the sum of
the configuration strength |c% i |> weighted by the s.p. widths,

« 2I +1 @ —,
Ol y 2J +1 Um/zZ’CLu, ,,1/2\. @)

For amultiplet of states |« 1) withspins [ = J — j,---,J +j
consisting mainly of one configuration |[LJ)® |lj) it is
proportional to the spin factor 27 + 1 (Fig. 1).

In general several configurations must be considered. The
formula describing the angular distribution of the IAR-pp’
reaction [Eq. (4)] comprises a sum of products of coherent
amplitudes ¢ J ;- Hence relative phases of the amplitudes can
be determined.

Each pure neutron particle-hole configuration |(LJ ® [j);)
has a characteristic angular distribution of even-order Legen-
dre polynomials,

Gia},“zj = Sij,pm\/ m/z Zaul, 1j Prlcos(®)]. (8)

Yet small admixtures of other neutron particle-hole configura-
tions sometimes change the angular distribution considerably.

The highest spin of each pure configuration |LJ) ® |[j)
(similarly, the lowest spin) produces a deep minimum of the
angular distribution at ® = 90° (if it is not isotropic), which
is more pronounced with higher angular momenta LJand/j.
Sometimes this enables a spin assignment.

With the Q3D spectrograph we could not measure at
scattering angles larger than ® = 115°. Earlier measurements
at backward angles up to ® = 170° exist [11-15,31] and are
still useful despite lower resolution. Namely IAR-pp” angular
distributions are symmetric around ® = 90° in the absence of
direct (p, p’) contributions.

For a group of states representing a rather complete subset
of particle-hole configurations, the coefficients ¢f ;7" ) of the
unitary transformation matrix may be determined from the
analysis of IAR-pp’ taking advantage of the orthogonality,
normality and sum-rule relations. Often there are less free
parameters to fit than the IAR-pp’ data provide. So in principle,
amplitudes of proton particle-hole configurations can be also
determined [21]. The correct identification of all relevant
states, firm spin and parity assignments are crucial for such
an analysis.

C. Dependence of the s.p. widths on energy and
angular momentum

The s.p. widths I'}" strongly depend on the angular mo-
mentum L of the IAR since the populating particle penetrates
the Coulomb barrier, see Fig. 1. The iy;» IAR with L =6
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TABLE 1. Parameters for IAR in *®Bi. New values are derived (rightmost column) for the IAR LJ =iy, jis;» and the
outgoing waves /j , (see Appendix A). The energy dependence of the penetrability for the escape widths I",Sjip' can be globally

approximated by Eq. (10).

IAR LJ E™ (MeV) [12] e (keV) [12] 3P (keV) [12] R.;Eq.(9)[12] T3P (keV) [This work]
2o 14.918 +.006 253+ 10 2041 7

i 15.716 + .010 224420 241 1 22403

Jis)a 16.336 £.015 201425 0.5 0.7£0.3

ds) 16.496 + .008 308 +8 45+5 12

sip 16.965 +.014 319415 4548 12

ds) 17.430£.010 288 +20 35410 (15)°

P 17.476 £ .010 279420 45+10 (15)°

lj EJ} (MeV) [14]° TP (keV) [14] T}¥ (keV) [This work]
P 11.49 28.6+3 28.6¢

fs 10.92 42404 52404

P32 10.59 158+£1.5 14.640.5

fop 9.15 0.6 0.550.1¢

*From a preliminary analysis of the 4610, 4860, 4867 states with spins 8+, 8", 7.

"Doublet IAR, definition of R; ; valid for isolated IAR only.

CE,‘_I;, =Ef — EESMI corresponds to the SSM energy of the particle-hole configuration |LJ)® |/j) (see Fig. 1).
4This value was not adjusted since the systematic errors of the absolute cross section are about 10%. They can be reduced by a

more complete evaluation of our IAR-pp’ data [24].

°From a preliminary analysis of the 5686, 5695, 5935 states identified to contain most of the gq,» f7/2,67, 7, 8~ configuration.

has the weakest penetrability of all positive parity IAR we
measured.

We define a penetrability ratio
S ©)

Rpy = S%J;PI/Z inp.pi2°

It compares the cross section on some IAR LJ to that on the
i112 IAR, see Egs. (4), (5), and (7). Essentially, it takes care of
the different penetrability of the particle populating each IAR.
Using the data and analysis of [12,14] we derive values of
Rry=7,12,12 for LJ = go/2, ds)2, 51,2 1AR, respectively;
see Table I. For the doublet ds > + g7/2 IAR we assume a factor
Ry ; = 15, but we note that the given equations are valid for
isolated IAR only. Formulas for overlapping IAR are given in
Refs. [32-34].

The escape width ') strongly decreases with decreasing
proton energy E, = E, — E,, see Fig. 1. The penetrability
is calculated according to Ref. [28]. For the configurations
lj = p12, p32 it can be approximated by

px) =100 x = EZT/ERSY, (10)

within about 1 MeV of the SSM excitation energy Ezsf\fj
The slope for configurations with higher angular momenta
is steeper, but they contribute less to the total cross section;
therefore the approximation is sufficient.

The energy dependence of the penetrability for the outgoing
particles must be taken into account in order to find the
configuration strength from the cross section by Eq. (7). Using
Eq. (10) we calculate the energy-corrected cross section

Ea[
~al _ 2 X
L =P\ gesm | @

LJlj

assuming a dominant configuration |LJ) ® |Ij).

al
LJ

(1)

D. Contribution from the direct (p, p’) reaction

A vital assumption in our analysis is the neglect of the direct
(p, p) reaction. This is justified for many states because we
observe that the ratio of the cross section measured on top
of the IAR L J to the off-resonance cross section measured at
other proton beam energies E, is independent of the absolute
value of the cross section.

In the absence of a direct (p, p’) contribution, the energy
dependence of the mean cross section can be approximated by

E O_otl Eres Ftot 2
UZ(JI(EP)Z f[%<Er:s> LJ( LJ)Z L7 wot2’ (12)
LJ 4(Ep - Eiei) + I
where
frx) =107%"D x = E, /E}. (13)

Because of the energy dependence of the penetrability of the
populating proton LJ and of the total width I'}?}, the cross
section decreases with rising beam energy E , not as strongly as
calculated from Eq. (12) with f, = 1. A different asymmetry
factor f, of the excitation function is derived by Ref. [12].

In some cases where we are able to measure the angular
distribution on several IAR, even their shapes are similar if the
state consists of one dominant configuration. Neglecting the
direct (p, p’) contribution is especially justified for states with
spin / and unnatural parity 7 = —(—1)".

E. Overlapping IAR

Equations (4) and (7) are valid for isolated IAR only. The
lowest IAR in 2®Bi are well isolated, but the ijj,» IAR is
rather weak as can be seen in Fig. 1, where it is scaled up by
a factor of 10 to make it visible at all. Hence the tails from
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the neighboring go,> and ds;» IAR may interfere with the i;,»
IAR.

From Fig. 1 one finds [using Eq. (12) with f, =1 and
the values from Table I] that the g9, IAR has decayed by
a factor of 40 from the top of the IAR (£, = 14.920 MeV)
to E, = 15.720 MeV, the resonance energy of the iy, IAR.
Similarly the ds,» IAR has decayed by a factor of 25 from
E, =16.945 MeV to E, = 15.720 MeV. As we show, most
states identified to carry the main strength of the configurations
i11/2f5/2 and i11/2p3/2 are excited by the i11/2 IAR much
stronger than by any other IAR. Therefore a contribution
from interfering entrance channels is weak. Only for the 4698
37 state the entrance channels go/2p3/2, ds/pij2 contribute
strongly [13,21].

We conclude that the TIAR-pp’ method can detect and
analyze even weakly excited neutron particle-hole states.

IV. EXPERIMENTS

Using the Q3D facility at Miinchen we performed experi-
ments for the reactions 2%®Pb(p, p’) and 2’Pb(d, p). The high
negative Q value of the reaction 2*Bi(d,*He) prohibited an
experiment because of the restricted maximum energy of the
accelerator there.

The data are evaluated using the computer code GASPAN
[35]. It allows to deconvolute spectra into a set of peaks
with Gaussian shape, individual widths and exponential tails,
and a background approximated by polynomials. Figure 2
shows two examples. The energy calibration uses a quadratic
dependence of the channel number on the magnetic field, the
width calibration a linear dependence. Polynomials of Oth or
Ist order were used for the background fit.

Here we report on data for the ii12f5,2 and iy1/2p32
multiplets in 2%Pb. Other data are being evaluated; the
raw data (together with excerpts from the runbook) can be
accessed [24].

A preliminary analysis is in agreement with data from
Refs. [7-15,31] obtained in the 1960s. Because of the much
higher resolution many levels are now resolved as doublets.
A further important difference is the improved energy cali-
bration. The energies of Refs. [7—15] are systematically about
0.13% too low, amounting to 8 keV at E, = 5.8 MeV.

PHYSICAL REVIEW C 74, 034303 (2006)

TABLE II. Parameters for the 2®Pb(p, p’) experiment. Targets
enriched in 28Pb to 99.85% were used. The thicknesses of the targets
T1-T4 were 104, 98, 245, 353 1 g/cm?. The beam energies E, and
the range of the scattering angles © are given in the laboratory system.

IAR ER® E, b Targets Number
MeV) (MeV) of runs
892 14.920 3.85-6.2 48°-115° TI1-T4 5740
112 15.720 4.05-5.85 20°-115° TI1-T3 444
Jis2 16.355¢ 4.55-6.0 66°-115° T2-T3 22
ds)» 16.495 3.73-6.9 36°-115° TI1-T4 39Fe
S1/2 16.960 5.00-6.9 48°-115° T2-T4 12hi
dsptgr, 174800 55468  84° 115 T2-T3  12hm

*Two runs at ® = 54°, 90° covering E, = 2.1-3.85 MeV.
®One run at ® = 58° covering E, = 6.2-6.65 MeV.
“Three runs at ® = 105°, 115° covering E, = 3.85-4.05 MeV.
4One run at ® = 105° covering E, = 5.85-6.18 MeV.
¢In addition 16.290, 16.380, 16.290 MeV.

fOne run at © = 48° covering E, = 3.65-3.73 MeV.
£Three runs at ® = 48°, 84° covering E, = 6.9-7.4 MeV.
"One run at ® = 84° for E, = 3.65-5.0 MeV.

iOne run at ® = 115° for E, = 6.9-7.2 MeV.

iIn addition 17.590, 17.610, 17.720 MeV.

kOnly two angles.

"Two runs at ® = 84° covering E, = 4.7-5.54 MeV.
™Two runs at ® = 84° covering £, = 6.8-7.2 MeV.

A. 28Pb(p, p’) experiment with the Q3D facility

The 2%Pb(p, p’) experiment was performed with a proton
beam from the Miinchen HVEC MP Tandem accelerator using
the Q3D magnetic spectrograph. The bright Stern-Gerlach
polarized ion source was used with unpolarized hydrogen
[17,20]. The lead target (see caption of Table II) was wobbled
with a frequency of 2 sec to avoid damage at beam intensities
of about 1 A. The proton energies were chosen according to
Ref. [12] to match the top of the lowest IAR in 2*Bi, namely
the 89/2, i11/2, j15/2, d5/2, S1/2 TAR and in addition the doublet
IAR d3/> + g7/2; some more energies slightly off-resonance
were chosen, see Table II.

The particles were detected in an ASIC supported cathode
strip detector [18,19]. With an active length of 890 mm it
produces spectra where the position of a line is determined

5239 5245

Ex [MeV]

FIG. 2. (Color online) 2®Pb(p, p’) spectra fitted by GASPAN taken on the 711/, IAR for the energy range E, = 5.185-5.290 MeV. The

5239 level is stronger excited at lower scattering angles ©.
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to better than 0.1 mm without systematic errors. With a few
exceptions the slits of the magnetic spectrograph were kept
open, leading to A® = £3°, A¢ = £3° and yielding a solid
angle of 2 = 10 msr.

B. Experiments on 2"Pb(d, p)

A weak excitation by the 2’Pb(d, p) reaction may help to
decide some spin and configuration assignments. Therefore,
we measured the reaction 2*’Pb(d, p) with the goal to detect
transitions with very low spectroscopic factors. We performed
two measurements, one with the (now dismantled) Buechner
spectrograph of the MPI Kernphysik at Heidelberg at a large
backward angle (® = 130°) to eliminate any contamination
from light nuclei in the spectrum, another experiment with
the Q3D facility at Miinchen where the deuteron energy was
chosen to match [3].

1. Experiment with the Buechner spectrograph

In 1969, using the Heidelberg Tandem van de Graaff
accelerator, two of us (A.H. and P.B.) performed a long
exposure of the reaction 2’Pb(d, p) with the Buechner
magnetic spectrograph, gathering 6 mCb of the deuteron beam
(E; = 11.5 MeV) in longer than 30 h [24]. The target was
enriched to 92%. A short exposure was done to position the
line of the 3708 5~ level properly. The energy range was
3.65 MeV < E, < 5.15 MeV. These data were crucial for the
fit shown in Refs. [21,23,24] and now are still useful, albeit of
a resolution of only 12 keV. It has been reevaluated using the
GASPAN code [35].

2. Experiment with the Q3D spectrograph

The reaction 2’Pb(d, p) was investigated with a deuteron
beam from the Miinchen HVEC MP Tandem accelerator. The
high performance of the Q3D facility allowed to take 18 spectra
with superior resolution during 30 hr with beam intensities of
about 600 nA. Table III shows the parameters relevant to the
experiment.

TABLE III. Parameters for the 2°®Pb(d, p) experiment with the
Q3D spectrograph. The deuteron energy was E,; = 22.000 MeV to
match [3]. A target enriched in 2Pb to 99.86+0.04% was used.
The slits perpendicular to the scattering angle were kept open, i.e.,
AD = +£3°.

E, (MeV) Scattering angle ®  Slit opening A® Number of runs

35-52 20° +0.9° 1
3.1-7.9 20° £1.5° 3
3.1-55 25° +0.9° 3
3.1-7.9 25° +1.5° 3
3.1-5.1 30° +0.6° 1
3.1-5.2 30° +0.9° 1
5.7-8.0 30° +0.9° 2
3.1-8.0 30° £1.5° 6

PHYSICAL REVIEW C 74, 034303 (2006)

To detect even minor contaminations (e.g., from >*Na, 3°Cl,
37Cl) we measured at scattering angles © = 20°, 25°, 30° with
different slit openings. We achieved a peak-to-valley ratio of
better than 10*:1, which allows the detection of spectroscopic
factors as low as a few 10~ in favorable cases. By this means,
the amount of the impurity isotopes 2°°Pb, 2%®Pb could be
measured as 0.028 £ .003%, 0.11 £ .03%, respectively.

The 5292 and 4610 levels in 2°8Pb (Table IV) are known to
be populated by al = 0 and al = 5 transfer, respectively [6].
The measurement at three scattering angles allows discrimina-
tion of the transfer of a/ = 0 and / = 5 neutron by virtue of
a steeply rising slope for the angular distribution. This gives a
chance to determine the / value for some levels. Other / values
lead to about equal cross sections for ® = 20°, 25°, 30°.

C. Typical spectra for 2%®Pb(p, p)

Figures 3 and 4 show 2%Pb(p, p’) spectra taken on
the go/2,111/2, and ds;, IAR. In total we measured nearly
200 spectra, each covering a range of excitation energies
A E, = 0.9-1.1 MeV (Table II). We discuss the excitation
of the levels at E, = 4680, 4698, 4761, 4918, 5276 keV and
the clearly resolved multiplet at E, = 5075, 5079, 5085 keV
(black fill-out in the spectra taken on the i1;,2 IAR, bars on the
other IAR).

Generally, the full width at half maximum (FWHM)
resolution is about 3.0 keV. The 4709 4+ 4711 doublet with
a distance of 1.9 keV is resolved with the computer code
GASPAN [35]. The intensities could be measured using a special
option of GASPAN (fixed level distances).

Some excitations belong to well-known levels (Table IV).
A few weak lines are clearly identified, among them are the
5280 0~ state separated from the 5276 4~ state by less than
3.5 keV, and the 4860 8" + 4867 7" doublet strongly excited
on the jis5,2 IAR.

For the shown spectra (Figs. 3 and 4) only a few contam-
ination lines are present. Prominent contamination lines start
at E, ~ 5.29 MeV for the spectra taken both on the g9/> and
the ds;» IAR. A weak contamination line is visible in the
region E; = 4.76-4.82 MeV on the i;;,; IAR, kinematically
broadened.

Most levels under discussion are excited strongest on the
i11/2 IAR, the only exception is the 4698 3~ state. On the i1,
TAR, the 4680, 4761, 4918, 5079 levels are at least four times
stronger excited than on any other IAR.

V. DATA ANALYSIS

A. Excitation energies from 2%Pb(p, p’)

In Table V we show the excitation energies derived from
our measurements of 2%*Pb(p, p’). The spectra were calibrated
by using around 65 reference energies up to E, = 7.5 MeV
mainly from Ref. [4], but also from Refs. [3,16], see Table IV
for the region of interest.

We avoided the use of reference values in cases where the
identification because of a multiplet structure was unclear
or where the cross section was low. In addition to the quadratic
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TABLE IV. Energies for levels excited by 2®Pb(p, p) but not bearing the main strength of the configurations iy f5/2, i11/2p3/2- The
dominant excitations by specific IAR are shown; for strong excitations the energy label is printed bold, for weak excitations an important IAR
is given in parentheses. Energies and mean cross sections do/d2(®) at angles ® = 20°, 25°, 30° [0(25°)] for 2’Pb(d, p) are shown. Spins
and parities /™ from Ref. [4] and energies from Refs. [3,4,16] are given for comparison.

Energy label Main IAR E, (keV) 0(25°) (ub/sr) E, (keV) [4] E, (keV) [3] E, (keV) [16] I7™ [4]
(P, p) d, p)

5292 S1/2 5292.1£0.2 720 5292.000 £ 0.200 5292.6£1.5 5292.7+£0.1 1~
5280 S1)2 5280.3£0.2 230 5280.322 £ 0.080 5281.3£1.5 5280.3£0.1 0~
5245 ds)» 5245.3+0.2 800 5245.280 +0.060 5245.6+1.5 5245.4+0.1 3
5214 ds;» 5214.0£0.3 50 5213.000 £ 0.200 5215.6£1.5 — 6t
5195 Jis)2 5195.0£0.3 20 5195.340£0.140 5194.3+0.6 — 7t
5127 ds;» 5127.4+£0.3 770 5127.420 +0.090 5127.1+0.6 5127.3£0.1 2,3”
5093 Jis2 5093.2£0.5 5 5093.110£0.200 5094.3+1.5 — 8+
5069 (J15/2) — <5 5069.380£0.130 5068.5+1.5 — 10t
5056 Jis2 5056.1£0.3 8 — — —

5037 ds)» 5037.4+0.2 1350 5037.520 £ 0.050 5037.2£0.6 5037.0£0.1 2-
5010 (J15/2) — <5 5010.550 £ 0.090 5010.0£0.6 — 9t
4992 (j1s/2) 4992.5+0.6 10 — 4992.7+0.6 —

4974 ds)» 4973.9+£0.2 1500 4974.037 £0.040 4974.2£0.6 4973.8 0.1 3~
4953 (ds2) — <5 4953.320£0.230 4952.24+0.3 — 3~
4937 ds)» 4937.4+0.4 35 4937.550 +0.230 4937.1+0.3 4935.1+0.2 3"
4895 Jis2 — <5 4895.277 £ 0.080 4894.8 £ 1.5 — 10t
4867 Jis2 4868.1+0.2 100 4867.816 +0.080 48669+ 1.5 — 7t
4860 Jis2 4860.8 £0.3 40 4860.840 £ 0.080 4859.8 £ 1.5 — 8+
4841 ds» 4841.7+£0.4 25 4841.400£0.100 4841.7+£0.3 4842.1+0.1 1~
4610 Jis2 4610.7+0.3 70 4610.795+0.070 4610.8 0.5 4610.5+0.3 8+

TABLE V. Energies, spins, and cross sections for the states in the range 4.6 MeV < E, < 5.3 MeV with the configurations LJ, [j = i112 f5,
(upper part) and LJ, [j = iy1, p3j» (lower part). Energies (col. 1) and mean cross sections o' 7 determined from the 208pb(p, p’) experiment
for the IAR LJ = go», i11,2, ds> are given. The cross sections 67 J’ ;j on top of the i11/2 IAR (col. 10) are corrected for the energy dependence
of the penetrability [Eq. (11)] and divided by the cross section Uﬁ‘,‘f,j calculated for pure iy, f5» and 712 p3/> configurations [Eq. (8)].
From the reaction 2°’Pb(d, p) investigated with the Q3D facility, energies (col. 2) and mean differential cross section do/dQ2(®) at angles
® = 20°,25°% 30° [0(25°)] are determined. Spins from Ref. [4] and energies from Refs. [3,4,16] are given for comparison. Levels excited by

208ph(p, p’) but not bearing the main strength of the configurations iy1,» f5/2, i11/2 P32 are shown in Table IV.

E (keV)  Ex (keV) I 1T Ey(keV) Ey (keV) Ex (keV)  0(25°) ofj/oftl &1 107%; ofj/ofl,
(41 [4] ub/sr LI =gop LI =i LI =dsp
(r,p) , p) W, p) 208pby(p, p’) via IAR in 2PBi
This work This work [4] [3] [4] [16] This work
LIl =111.2f52
4680.340.5 — 77 (77) 4680.7+£0.5 4680.310+0.250 — <2 0.1 1.0+0.1 0.15
4698.4+0.3 4698.40+£0.15 3~ 37 4698.440.5 4698.375+£0.040 4697.9+£0.1 800 2.0 6.840.5 4.0
4709.440.8 — 57 (57) 4709.543.5 4709.409+0.250 — 10 0.8 1.1+£0.2 1.0
4711.240.8 4711.0+£0.6 4= 4~ — 4711.30040.750 — 15 0.5 1.7+0.1 1.0
4761.940.6 4762.1£04 6= 6~  4761.840.5 4761.800+0.250 — 7 0.2 1.540.1 0.15
4918.940.5 — 8~ 4917.6+1.5 — — <2 <0.1 0.940.1 0.1
LIlj =1i11/2P3/2
5074.740.5 5074.84+0.4 5~ ,  S073.7£L5  5075.800:£0.200 — 9 0.15 0.95+0.1 0.25
5079.940.6 5079.840.7 6~ — — — 5 0.1 1.0040.1 0.1
5085.340.4 — 7 (77) 5084.741.5 5085.550+0.250 50857402 <2 0.05 1.0040.1 0.2
5239.64+0.5 52395402 4~ — 5239.35040.360 — 10 0.2 0.1040.05¢ 0.2
5276.540.5 52762402 4~ 5277.14+1.5 — — 70 0.2 0.9540.1 0.4

*The cross section for the 4698 3~ state is dominated by the strong entrance channels gg/» p3,> and ds;, p1/» [21].
®Spin not given.
°A dominant proton configuration f7,,d3> is assigned to the 5239 state; see text.
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FIG. 3. Spectra of 2®Pb(p, p’) for E, = 4.67-5.00 MeV taken at ® = 58°, 72°, 54° on the 892, 1112, dsjn IAR, with targets T3, T2, T2
(see caption of Table II), respectively. Six levels resonate at E, = 15.72 MeV on top of the i;;,» IAR (black fill out); the 4709+4711 doublet
is resolved by the computer code GASPAN. The energies and the spins of the iy;/> f5/» multiplet are given in the center panel; the energies are
also shown by bars in the higher and lower panel. The counting interval is proportional to +/E, (the momentum of the scattered proton) where

one channel corresponds to about 0.3 keV.

dependence of the energy on the channel in the Q3D
spectra, a second fit using a third-order polynomial improved
the energy calibration; see Ref. [36]. The excitation energies
determined from the IAR-pp’ measurement with errors of
about 0.5 keV in general, compare well to Refs. [3,4,16]
within the given errors; the only exception is the 5075 level
with a discrepancy of about 2 standard deviations.

B. Excitation functions of 2Pb( p, p’)

With a few exceptions, we did not measure excitation
functions, but selected the energies of all known IAR only
(Table II), because TAR often excite the states rather selec-
tively. So we can determine excitation functions in a schematic

manner. For some levels excitation functions were measured
in the 1960s [12,13]. We mention them below.

The angular distributions were fitted by even-order
Legendre polynomials

dof]
dQ

(@) =Y A Py[cos(®)]. (14)
K

Odd-order Legendre polynomials have not to be included
because the direct (p, p’) reaction does not contribute ap-
preciably in most cases. The angle averaged (mean) cross
section is derived for each IAR LJ and each state |« I) as
o} = Ao. We quote neither the errors of o'/ nor the values
Ak for K)0 because the evaluation will be further improved
in a new analysis. The errors of the mean cross sections are
about 5%-20%.
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FIG. 4. Spectra of 2®Pb(p, p’) for the iy /2 P32 multiplet in the range of E, = 5.02-5.29 MeV. For other details refer to Fig. 3 and the text.

In Fig. 5 we show the excitation functions in a schematic
manner. For each of the 10 states under discussion and for
each IAR the mean cross section o} J’ is shown. All levels
show a pronounced excitation by the i;;,, IAR. They have
weak counterparts on all other IAR except for the 4698
37 state.

C. Angular distributions of 2%Pb(p, p’)

In Figs. 6 and 7 we show the angular distributions for
some members of the i1, f5/» multiplet and all members of
the i11/2 p3/» multiplet. The largest scattering angle was 115°.
However, the spectra became unusable for angles smaller than
20° because of increasing slit scattering. The spin assignment
is discussed below.

Calculations for the pure particle-hole configurations
[Eq. (8)] are inserted for the angular distributions (drawn line)
and for the angle averaged (mean) cross section o' J’ (dashed
line). The absolute value of the calculated angular distributions

has been adjusted to an approximate best-fit for the 8§~ state of
the 7112 f5/2 group and for the 7~ state of the iy1/2 p3/2 group
yielding a more precise value of Fl.sl'f)/'z, see Appendix A. For the
states with other spins no adjustment has been applied except
for the energy dependence of the penetrability [Eq. (10)].

There is a general agreement of the mean cross section with
the calculation for the i1,/ p3/2 group, whereas for the i1/ f5/2
group only the states with highest spins 77, 8~ agree with the
expectation of a pure configuration. The 4698 level has a cross
section about 10 times higher than expected.

For the 4™ and 6~ states the shape of the angular distribu-
tions agrees with the expectation of a pure configuration, but
the angle averaged (mean) cross section is around 50% higher.
The angular distribution of the 4709 5~ state (not shown here)
is flat as expected but the errors are around 40% because of the
neighboring 4698 3~ state which is 4-10 times more strongly
excited.

The angular distribution of the members with the highest
spin I = J + j are similar both for the configuration i1y, f5,2
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FIG. 5. Angle averaged (mean) cross section o} J’ for states containing most of the iy, f5/> strength and 7y, p3/» strength. For each state
(energy label at left and spin at right), the value o/ is shown relative to the mean cross section on all IAR. To obtain partial widths [Egq. (7)],
the mean cross section must be reduced by the penetrability ratio R ; [Eq. (9)] for each IAR LJ given at bottom.

(Fig. 6: 4918 87) and i11/2 p3,2 (Fig. 7: 5085 77). They show
the characteristic minimum at ® = 90°. As expected for the
lowest spin I = J — j, the 5276 4~ state (Fig. 7) exhibits a
similar characteristic forward peaking.

D. Data from 2"Pb(d, p)

Table V gives the results from our 2*’Pb(d, p) measurement
for the levels under discussion. The excitation energies agree

50
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with the TAR-pp’ data, but the precision is slightly better. This
may be partly explained by satellite lines because of an atomic
effect that deteriorates the 2®Pb(p, p’) but not the 2"Pb(d, p)
spectra [37]. The energy of the 5075 level deviates by about
20 from Ref. [4], but agrees with the result from the IAR-pp’
measurement.

Some levels have a vanishing 2’Pb(d, p) cross section,
especially the 4680, 4918, 5085 levels. In Table IV we add the
information derived from the Q3D experiment on 207pp(d, p)
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FIG. 6. Angular distributions for the 4.71-MeV doublet partner with spin 4~ and the states with spin 67, 77, 8. The calculated angular
distribution for a pure configuration i1y, fs5,> [Eq. (8)] is shown by the drawn curve, the mean cross section by a dashed line. The calculated

curves are corrected for the energy dependent penetrability [Eq. (10)].
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FIG. 7. Angular distributions states for the i1/, p3/, states with spins 47,57, 67, 7~. For other details see Fig. 6.

for the region 4.5 MeV < E, < 5.3 MeV for levels not
belonging to the states under discussion.

VI. RESULTS AND DISCUSSION

An important prediction of the shell model is the existence
of rather pure one-particle-one-hole excitations if the energy
spacing of the model configurations is larger than the average
matrix element of the residual interaction. We verified this
prediction for multiplets excited by the i11> IAR in **Bi.

The iy, IAR is expected to populate the four SSM
multiplets i 1/2P1/25 i 1/2f§/2, i1]/2p3/2, i 1/2f7/2 at energies
E, =4.210,4.780,5.108, 6.550 MeV, respectively, with
measurable cross sections, see Fig. 1. The goal of this
article is to identify the iy, f52 and the ij1,2p3/> neutron
particle-hole multiplets. The states containing the major
strength of the configuration i11/2pi/2 are known [3,4,21,23,
241, for the i11/2 f7/2 group no measurement has been done so
far (Table II).

We encounter several problems with the IAR-pp’ method:
(i) The s.p. widths F;p' for the outgoing particles (Ij =
D12, f572, p3j2) are only known to about 10%. (ii) The
energy dependence of the s.p. widths is rather strong
[Eqg. (10)] and their slopes are not well known. In the region
of interest a systematic error of around 10% must be assumed.
(iii) The mean cross section o} J’ of a state bearing the
main strength of a configuration with angular momenta / is
strongly affected by the presence of a slight admixture of a
configuration with lower angular momentum [/ — 2 because
of the higher penetrability. (iv) The anisotropy of the angular
distribution is highly sensitive to the configuration mixing.
This is especially true for a small admixture of a configuration
|lj) with j =1+ 1/2 to a configuration with j =1 — 1/2. In
rare cases the anisotropy coefficients Ax/Ap, K = 2,4,6, 8
[Eq. (14)] allow to determination of the relative mixing of

configurations |[LJ)® |lj) with/ = 1,3,5, j =1 £ 1. (v) The
angular distribution of states with natural parity often exhibit
a forward peaking of the angular distribution via the direct
(p, p') reaction. (vi) The s.p. widths Ff;f’/’z and F;f;’, of the two
weakest IAR are only known to 70%. ‘

A. Centroid energy

The states strongly excited by the i1/, IAR can be grouped
into three parts. The first part at E, &~ 4.2 MeV belongs to
the group of states mainly excited by the gg,» IAR, the second
part at E, = 4.6-4.8 MeV (except for the 4698 3~ state) and
the third part at E, ~ 5.1 MeV are excited by no other IAR
strongly. The number of states in the second and third group
is 6 and 4, respectively. In the following discussion, the 4698
37 state is omitted.

The centroid energies are derived from the excitation
energies E, and the angle averaged (mean) cross sections
of} of the states given in Table V. They are calculated as
the weighted mean

ELI ) =Y 55 B LD [ 368, (15)
al al

where the cross sections are corrected for the dependence on
the proton energy [Eq. (11)]. The upper panel of Fig. 8 shows
the centroid energies. They agree clearly with the prediction
by the SSM model.

The ratio of the sum of the angle averaged (mean) cross
sections G} JI ;; [converted to configuration strengths using
Eq. (7)] for the groups related to the py/, f5/2, p3/2 particle
compares well with the calculated ratio derived from the s.p.
widths of Table I, see Fig. 8. The deviations of the configuration
strengths from unity are already diminished by improved s.p.
widths, see Appendix A; using the values from Refs. [12,14]
the deviations are larger, but still in the range of 20%.
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FIG. 8. (Upper panel) The centroid excitation energy [Eq. (15)] and the total configuration strength >, |¢¥ } I |2 are shown. The centroid
energies agree with the SSM energies ESM = 4.210, 4.780, 5.108 MeV for the three configurations iy1,2p1,2, i11/2f5/2+ i112P3/2- The total
configuration strengths are close to unity using the s.p. widths from Table 1. (Lower panel) The excitation energies E, and the partial strength
lcf 5,1 i 2 for the states bearing the main strength of the i112p1/2, i11/2 f5/2, i11/2P3/2 configurations are shown. The cross sections o}’ J’ from
Table V are converted to partial strengths by Eq. (7) with s.p. widths from Table I and corrected for the energy dependence of the penetrability
[Eq. (11)]. For the i1y, p1/> multiplet the sum of the partial strengths of the three 5~ and the three 6 states at 4.0 MeV < E, < 4.5 MeV is
shown [23,24]. The extremely large cross section of the 4698 3~ state on the i;,» IAR is because of the interfering contributions from the

89,232 and ds, py > configurations [21], therefore it is left out in the determination of the centroid energy and the total configuration strength.

The SSM predicts a value |c$ 4, ; [> = 1 (dotted line).

Both the agreement of the centroid energies and the
approximate agreement of the configuration strengths with the
SSM expectation favor the identification of the states shown
in Figs 3-8 and Table V as the members of the i1/, f5/> and
i 1/2P3/2 multiplets.

B. Justification of an entirely resonant reaction

The off-resonance cross sections of the 4680, 4761, 4918,
5075, 5079, 5085, 5239, 5276 states at £, = 14.92, 16.355,
and 16.495 MeV (corresponding to the resonance energy
of the gon, ji5/2 and ds;» IAR) are about 20 times lower
than on top of the i;,, resonance. The decrease of the
cross section with beam energy E, [according to Egs. (12)
and (13)] from the top of the ij;,, IAR agrees with the
decrease from the top of the g9/» IAR of the much stronger
states known to contain no other configurations in addition to
lgo2® 1) [21,23,24].

For the 4.928-MeV level, the authors of Ref. [12] measured
an excitation function at a scattering angle of ® = 158° with
a cross section of o' J’ = 20 ub/sr on top of the i;;,, IAR; the
cross sections at off-resonance energies E, = 14.4 and 16.0
MeV are a factor 18.0 and 5 lower, respectively.

This level is now resolved into at least three levels, the
4918 8~ (Table V) and the 4928, 4937 levels (Table 1V).
The cross section of the 4918 8~ state dominates all other
levels by a factor 10 near ® = 22° in agreement with the
measurement by Ref. [12] at ® = 158° proving symmetry of
the angular distribution around ® = 90°. The strongly asym-
metric excitation function of the 4.928-MeV level measured
up to £, = 16.0 MeV [12] can be explained by the tail of the
excitation function of the 4937 state being dominantly excited
by the ds;» IAR with a cross section of about 130 ub/sr at
® = 158° [31].

For the 4918 8~ state, the symmetry of the angular
distribution and the low off-resonance cross section indicates
a weak contribution from direct (p, p’).

Comparing the cross section of the 5.071-MeV level
measured at ® = 158° unresolved in Ref. [12] to the sum
for the resolved triplet at E, = 5075, 5079, 5085 keV we
find an agreement within 10% for the data points near
® = 22° (i.e., symmetric to ® = 90°). This proves the direct
(p, p') reaction to contribute little for the 5.1-MeV triplet
states.

These facts grade the direct (p, p’) contribution as small
in most cases and hence justify the assumption of a purely
resonant reaction.
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C. The iyy,2 p3> particle-hole multiplet

The angular distributions of the four states containing
most of the iy12p3/> strength are shown in Fig. 7 together
with calculations for pure configurations iy(,> p3/» with spins
4=,57,67,and 77 [Eq. (8)]. Table V (lower part) lists the mean
cross section 6} J’ ;; Tor the triplet levels at E, = 5075, 5079,
5085 keV and the 5276 level, corrected for the energy
dependence of the penetrability [Eq. (11)] and divided by
the calculated values aza}fl ; [Eq. (8)]. The mean cross section
agrees with the calculation within 10% for the 5.08-MeV triplet

states and 20% for the 5276 level.

1. The 5.08-MeV triplet

The 5085 state is assumed to have spin 7~ [4]. Its angular
distribution is well fitted by a pure i11,2 3,2 7~ configuration;
see Fig. 7. The 5075 and 5079 states are assigned to have spin
57 and 67, respectively. A reverse spin assignment fits worse,
because the mean cross section of the 5079 level is about 20%
higher, see Table V and Fig. 7.

The 5075 and 5085 states are excited appreciably by the
dssa, s1/2,d32 + g7/2 TAR. This may be because of some
direct (p, p’) cross sections and corroborates the assignment
of natural parity in contrast to the low cross section of the 5079
7~ state on all other IAR; see Fig. 5.

2. 5276 4~

The 4~ member is identified as the 5276 level. It is strongly
excited by the ij;, IAR, but only weakly on all other IAR;
see Fig. 5. The angular distribution is well described by a pure
i11/2p3/2 configuration. The cross section is somewhat lower
than expected; see Figs. 7 and 8.

3. Information from *"'Pb(d, p)

The 5085 7~ state has a vanishing 2’Pb(d, p) cross section
corroborating the spin and configuration assignment. We
explain the 2’Pb(d, p) excitation of the 5075 5~ and the
5079 6~ state by a weak ij1,2p12 admixture. A g7,2p1/2
admixture of the 5276 4~ state explaining the detected
207pp(d, p) excitation is corroborated by the excitation on the
d3/2 + 872 doublet IAR, see Fig. 5.

D. The 5239 4~ proton particle-hole state

IAR- pp' is sensitive to neutron particle-hole configurations
[see Eq. (3)]. With robust values of the s.p. widths, a missing
configuration strength can be determined assuming a complete
configuration subspace [27,38].

In the region E, = 5.0-5.3 MeV, in addition to the 5075,
5079, 5085, 5276 levels, the 5239 level is selectively excited
by the ij;/; IAR, too, see Fig. 2. We interpret the 5239 level
to consist dominantly of the proton particle-hole configuration
f12d3,2 with a weak admixture of the neutron particle-hole
configuration i1y, p3» that is excited by the IAR-pp' reaction.

We argue as follows: (i) The excitation energy is near
the predicted SSM value of 5162 keV for the configuration
f12d3)2. (ii) States containing both configurations f7/2d3/2
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and i11/2 p3/> can have spins 4~ or 5~ only. (iii) The steep rise
of the cross section at forward angles on top of the i1;, IAR
(Fig. 2) is even stronger than that of the 5276 state assigned
spin 4~ but dissimilar from the angular distribution of a
i112p3/2 configuration with spin 5= (see Fig. 7). A weak
admixture of the configurations iy » f5,2 and 112 f7,2 explains
the steeper rise. (iv) The ratio of the mean cross section on top
of the i;1/» IAR to the off-resonance cross section at other
IAR is similar as for the four states assigned a dominant
i11/2 P32 structure proving the direct (p, p’) contribution to be
low. (v) The observed excitation by the *’Pb(d, p) reaction
(Table V) indicates a weak admixture of the configurations
89/2P1/2 Or &7/2P1)2-

The mean cross section of the 5239 state being 5—10 times
weaker than for the 5276 state then yields mixing amplitudes
[Eg. (1)] of about

523947\ (095 —03
52764= |  \+0.3 0.95

frpdsp, w4~ >
i pap, v4 |

The mixing of the two configurations explains the lower cross
section for the 5276 4~ state (Figs. 7 and 8).

The energy of the strongly resonating 5239 level is in
agreement with Ref. [4] (see Table V) but about 1.5 keV lower
than the 5241 0" level [1,3] with a double octupole structure
2614 37)® |2614 37). The cross section of the 5241 level is
vanishingly small both with IAR-pp’ and for the 2’Pb(d, p)
reaction.

E. The iy, fs5/2 particle-hole multiplet

Table V (upper part) gives the mean cross section divided by
the calculated values 67 J’ ; Tor the states containing the major
partof the i1y > f5,2 configuration (see also Fig. 8). The states at
E, = 4680, 4698,4709,4711,4761 keV have rather firm spin
assignments with spins 77,37, 57,47, 6~ [4]. These states -
except for the 4698 3~ state - have an angular distribution that
can be explained by a rather pure i1/, f5/> configuration, (see
Figs. 6 and 8).

Because the states with the main configuration iy, f5/> and
spins 47,57, 67, 7~ may mix with the configurations i1/2 p3>
(in addition i1y /p;/> for the 57, 67 states) that have a much
larger s.p. width I'®P- because of the / = 1 instead of the / = 3
wave, even a small admixture affects the mean cross section
significantly. Apparently this is the case for the 4~ and 6~
states at E, = 4711and 4761 keV, respectively (see Fig. 6).

1. 4680 7~,4918 8~

The 4680 and 4918 levels are excited dominantly by the
i112 IAR. The ds;, IAR yields cross sections with a factor of
10 lower (see Fig. 5). The agreement of the angular distribution
with the calculation for a pure iji,2f5,» configuration is
remarkable (see Fig. 6). The 207pPb(d, p) cross section is
vanishingly small, corroborating the spin and configuration
assignments (Table V).

2. 47114~

A weak i11/2 p3/2 admixture explains the cross section to be
larger than for a pure i1/, f5/» configuration (Fig. 6) by the
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much higher penetrability of the p3/, particle. The excitation
by the ’Pb(d, p) reaction can be explained by a weak go/2 p1/2
Or g7,2 P1/2 component.

3. 47616~

A fraction of about 10% of the 67i1;2p1/2 strength in
the 4761 state explains the higher 2®Pb(p, p’) cross section
(Fig. 6). From the 2’Pb(d, p) data of both the Buechner and the
Q3D measurement an i1, p1 > admixture of ¢* =0.10+0.04
is derived.

4. 47095~

A small admixture of the configuration go/» p1/2 Orif1/2p1,2
is consistent with the smaller cross section for 2’Pb(d, p) in
relation to the 4711 doublet member (Table V).

5. 46983~

The 4698 3~ state is known to have large g9/ p3/» and
ds;»p12 components [21]. The 207Pb(d, p) cross section is
consistent with a strong ds;;p1,» component. The feeding
on top of the ij;,» IAR via the exit channels g9, p3/» and
ds > p1/» overwhelmes the weak configuration iy, f5,2 leading
to complex interferences.

The excitation function for the 4.692 MeV level is in-
terpreted incorrectly by the authors of Refs. [12,13]. The
resolution of about 35 keV is insufficient to resolve this
state from the neighboring 4680, 4709, 4711 levels. Thus the
strong excitation of the 4.692 MeV level by the ij;,, IAR
wondering [14] is clarified not because of the excitation of the
3~ state alone, but at least equally because of the neighboring
multiplet with spins 77,57, 4.

VII. CONCLUSION

Spectra of the reactions 2%Pb(p, p’) and *’Pb(d, p) have
been taken with the Q3D magnetic spectrograph at Miinchen
for excitation energies up to £, = 7.4and 8.1 MeV, respec-
tively. A FWHM energy resolution of about 3 keV at E, =
5.5 MeV has been achieved. The high linearity of the detector
and the energy stability of the Q3D facility allows calibration
of the excitation energies with absolute uncertainties of
fractions of a keV.

The method of inelastic proton scattering on 2%Pb via
isobaric analog resonances in 2%’ Bi has been revived after more
than 30 years. The energy resolution is improved by a factor of
4-10. In most cases the direct (p, p’) reaction contributes little
allowing to interprete the measured angular distributions, even
with very low cross sections, with the resonance formalism.

The 10 states containing the major strength of the multiplets
i1172f5/2 and i112 p3/2 are identified. Four spin assignments
are new, three ambiguous spin assignments are settled.
Some minor admixtures of other neutron configurations
derived from the analysis of IAR-pp’ are consistent with results
from 2Y’Pb(d, p). Except for the 4698 3~ state, each state
contains more than 70% strength of one neutron particle-hole
configuration.

The low background together with a sophisticated decon-
volution of the proton spectra allows to detection of many new
levels in 2%®Pb beginning at excitation energies above E, ~
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4.8 MeV. A new 4~ state is identified less than 2 keV below
the 5241 0" state (a double octupole state). It consists of a
rather pure proton particle-hole configuration f7,,d3,, with
a weak admixture of the neutron particle-hole configuration
i11/2p3/2 by which it is identified.

Members with the highest spins from other very
weakly excited neutron particle-hole configurations such as
89,2172, J152P172> J1572 f5/25 J15/2P3/25 ds5y2 f71/2 are detected
from the preliminary analysis. It encourages the search for
the high-spin members of the configuration iy, f7,2 expected
at an energy of E, = 6.550 MeV.
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APPENDIX A: IMPROVED S.P. WIDTHS

The values of the s.p. widths FZIJ" for the IAR LJ in
Table I were derived in Ref. [12] from the analysis of the
excitation functions.

The values of the s.p. widths F,Sjip' for the outgoing particles
[j were derived in Ref. [14]. These authors divided the levels
below E, ~ 4.5 MeV excited strongly by the gg/, IAR into
three groups assigned to carry the main strength of the
conﬁgurations 89/2P1/2, g9/2f5/2, 89/2P3/2- This is a gOOd first
approximation. As we have detected similar groups for other
IAR, we can improve the values for '}, FZ’?;, T,h., see
Table 1.

We also obtain improved values for the ratios Ff]'f)/'z / l"z,'f;;

and T} /T, by comparing the mean cross sections for
5/2

states with major fractions of the relevant particle-hole

configurations |LJ)® |Ij), lj = pi,2, p3/2, forthe IAR LJ =

89,2, 1112, 1572 [Egs. (5) and (7)], see Table 1.

APPENDIX B: W AND Z COEFFICIENTS

The definition of the W coefficient in terms of 3j and 6j
symbols is [29,30]

W jalal: jals) = (— 1yt F2BE gy
INYE

The coefficient Z differs from Z defined with W and

Clebsch-Gordon coefficients in [29,30] by the phase factor
(_ 1)a +b+c+d ,

Z(abed; ef) = \/(Za + 1D2b+ DR2c+ 1)2d + 1)

ac abe
xew”ﬁw+1@0»L”foﬁa

(B2)
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